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One critical question facing current AIDS vaccine development efforts is to what extent human immunodeficiency virus type 1 (HIV-1) genetic variation has to be considered in the design of candidate vaccines (11, 21, 41, 72) . Phylogenetic analyses of globally circulating viral strains have identified two distinct groups of HIV-1 (M and O) (33, 45, 61, 62) , and 10 sequence subtypes (A to J) have been proposed within the major group (M) (29, 30, 45, 72) . Sequence variation among viruses belonging to these different lineages is extensive, with envelope amino acid sequence variation ranging from 24% between different subtypes to 47% between the two different groups. Given this extent of diversity, the question has been raised whether immunogens based on a single virus strain can be expected to elicit immune responses effective against a broad spectrum of viruses or whether vaccine preparations should include mixtures of genetically divergent antigens and/or be tailored toward locally circulating strains (11, 21, 41, 72) . This is of particular concern in developing countries, where multiple subtypes of HIV-1 are known to cocirculate and where subtype B viruses (which have been the source of most current candidate vaccine preparations [10, 21] ) are rare or nonexistent (5, 24, 40, 72) .
Although the extent of global HIV-1 variation is well defined, little is known about the biological consequences of this genetic diversity and its impact on cellular and humoral immune responses in the infected host. In particular, it remains unknown whether subtype-specific differences in virus biology exist that have to be considered for vaccine design. Thus far, such differences have not been identified. For example, several studies have shown that there is no correlation between HIV-1 genetic subtypes and neutralization serotypes (38, 42, 46, 68) . Some viruses are readily neutralized, while most are relatively neutralization resistant (42) . Although the reasons for these different susceptibilities remain unknown, it is clear that neutralization is not a function of the viral genotype (38, 42, 46, 68) . Similarly, recent studies have identified vigorous crossclade cytotoxic T-lymphocyte (CTL) reactivities in individuals infected with viruses from several different clades (3, 6) , as well as in recipients of a clade B vaccine (15) . These results are very encouraging, since they suggest that CTL cross-recognition among HIV-1 clades is much more prevalent than previously anticipated and that immunogens based on a limited number of variants may be able to elicit a broad CTL response (6) . Nevertheless, it would be premature to conclude that HIV-1 variation poses no problem for AIDS vaccine design. Only a comprehensive analysis of genetically defined representatives of the various groups and subtypes will allow us to judge whether certain variants differ in fundamental viral properties and whether such differences will have to be incorporated into vaccine strategies. Obviously, such studies require well-characterized reference reagents, in particular full-length and replication-competent molecular clones that can be used for functional and biological studies.
Full-length reference sequences representing the various subtypes are also urgently needed for phylogenetic comparisons. Recent analyses of subgenomic (23, 52, 54, 58) as well as full-length (7, 18, 53, 60) HIV-1 sequences identified a surprising number of HIV-1 strains which clustered in different subtypes in different parts of their genome. All of these originated from geographic regions where multiple subtypes cocirculated and are the results of coinfections with highly divergent viruses (52, 60, 62) . Detailed phylogenetic characterization revealed that most of them have a complex genome structure with multiple points of crossover (7, 18, 53, 60) . Some recombinants, like the "subtype E" viruses, which are in fact A/E recombinants (7, 18) , have a widespread geographic dissemination and are responsible for much of the Asian HIV-1 epidemic (69, 70) . In other areas, recombinants appear to be generated with increasing frequencies since many randomly chosen isolates exhibit evidence of mosaicism (4, 8, 31, 66, 71) . Since recombination provides the opportunity for evolutionary leaps with genetic consequences that are far greater than those of the steady accumulation of individual mutations, the impact of recombination on viral properties must be monitored. We therefore need full-length nonrecombinant reference sequences for all major HIV-1 groups and subtypes before we can map and characterize the extent of intersubtype recombination.
The number of molecular reagents for non-subtype B viruses is very limited. There are currently only five full-length, nonrecombinant molecular clones available for viruses other than subtype B (45) , and these represent only three of the proposed (group M) subtypes (A, C, and D). Moreover, only three clones (all derived from subtype D viruses) are replication competent and thus useful for studies requiring functional gene products (45, 48, 65) . Given the unknown impact of genetic variation on correlates of immune protection, subtypespecific reagents are critically needed for phylogenetic, immunological, and biological studies. In this paper, we report the cloning (by long PCR and lambda techniques) of 10 near-fulllength HIV-1 genomes from isolates previously classified as non-subtype B viruses. Detailed phylogenetic analysis showed that six comprise nonmosaic representatives of five major subtypes, including two for which full-length representatives have not been reported. Four others were identified as complex intersubtype recombinants, again emphasizing the prevalence of hybrid genomes among globally circulating HIV-1 strains. We also describe a strategy for the biological evaluation of long-PCR-derived genomes and report the generation of a replication-competent provirus by this approach. The effect of these reagents on vaccine development is discussed.
MATERIALS AND METHODS
Virus isolates. All viruses used in this study were propagated in normal donor peripheral blood mononuclear cells (PBMCs) and thus represent primary isolates. Their biological phenotype (SI/NSI), year of isolation, relevant epidemiological and clinical information, and appropriate references are summarized in Table 1 . For consistency, isolates are labelled according to World Health Organization (WHO) nomenclature (28) ; some isolates have previously been reported under different names (1, 43) , which are listed in parentheses. Preliminary sub- 
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type classification was made on the basis of partial env and/or gag gene sequences (1, 17, 19, 43) . Amplification of near-complete HIV-1 genomes by using long-PCR methods. Near-full-length HIV-1 genomes were amplified from DNA of short-term-cultured PBMCs essentially as described previously (18, 56) with the GeneAmp XL kit (Perkin-Elmer Cetus, Foster City, Calif.) and primers spanning the tRNA primer binding site (upstream primer UP1A: 5Ј-AGTGGCGCCCGAACAGG-3Ј) and the R/U5 junction in the 3Ј long terminal repeat (LTR) (downstream primer Low2: 5Ј-TGAGGCTTAAGCAGTGGGTTTC-3Ј). Some isolates were amplified with primers containing MluI restriction enzyme sites to facilitate subsequent subcloning into plasmid vectors (upstream primer UP1AMlu1: 5Ј-T CTCTacgcgtGGCGCCCGAACAGGGAC-3Ј; downstream primer Low1Mlu1: 5Ј-ACCAGacgcgtACAACAGACGGGCACACACTACTT-3Ј [lowercase letters indicate the MluI restriction site]). Whenever possible, PBMC DNAs were diluted before PCR analysis to attempt amplification from single proviral templates. Cycling conditions included a hot start (94°C for 2 min), followed by 20 cycles of denaturation (94°C for 30 s) and extension (68°C for 10 min), followed by 17 cycles of denaturation (94°C for 30 s) and extension (68°C for 10 min) with 15-s increments per cycle. PCR products were visualized by agarose gel electrophoresis and subcloned into pCRII by T/A overhang (92UG037.1, 92BR025.8, 93BR020.1, and 90CF056.1) or following cleavage with MluI into a modified pTZ18 vector (pTZ18Mlu1) containing a unique MluI site in its polylinker (94UG114.1, 92RW009.6, 93BR029.4, 92NG083.2, and 92NG003.1). Transformations were performed in INV␣FЈ cells (OneShot kit; Invitrogen, San Diego, Calif.), and colonies were screened by restriction enzyme digestion for full-length inserts (transformation efficiencies were generally poor, yielding only a few recombinant colonies; however, once subcloned, full-length genomes were stable in their respective vectors). One full-length clone per isolate was randomly chosen for subsequent sequence analysis.
Construction of a full-length and infectious molecular clone of 94UG114.1. A 674-bp fragment spanning most of the viral LTR (lacking positions 1 to 92 of U3 sequences), as well as the untranslated leader sequence preceding gag, was amplified from 94UG114 PBMC DNA by using primers and conditions described previously (18) . After sequence confirmation, this LTR fragment was cloned into the pTZ18Mlu1 vector, which was subsequently cleaved with NarI (in the primer binding site) and MluI (in the polylinker) to allow the insertion of the 94UG114.1 long-PCR product cleaved with the same restriction enzymes. The resulting plasmid clone comprised a full-length 94UG114.1 genome with 3Ј and 5Ј LTR fragments containing all regulatory elements necessary for viral replication.
Lambda phage cloning. The 84ZR085.1 genome was cloned by lambda phage methods as previously described (36) . Briefly, high-molecular-weight DNA from a primary PBMC culture was digested with SacI (an enzyme that cleaves the viral LTR), fractionated by sucrose gradient centrifugation to enrich for fragments 9 to 15 kb in length, and ligated into purified arms of gtWes.B. Ligation products were packaged in vitro, subjected to titer determination, and plated on LE392 cells. Recombinant phage plaques were screened with a full-length HIV-1 probe (BH10) (22) . One positive phage recombinant was plaque purified, and its restriction map was determined by multiple enzyme digestions. The viral insert was released by digestion with SacI and subcloned into pUC19.
Sequence analysis of HIV-1 genomes. 92UG037.1, 92BR025.8, 84ZR085.1, 93BR020.1, 90CF056.1, 92RW009.6, and 93BR029.4 were sequenced by the shotgun sequencing approach (37) . Briefly, viral genomes were released from their respective plasmid vectors by cleavage with the appropriate restriction enzymes, purified by gel electrophoresis, and sonicated (model XL2020 sonicator; Heat System Inc., Farmingdale, N.Y.) to generate randomly sheared DNA fragments of 600 to 1,000 bp. Following purification by gel electrophoresis, fragments were end repaired with T4 DNA polymerase and Klenow enzyme and ligated into SmaI-digested and dephosphorylated M13 or pTZ18 vectors. Approximately 200 shotgun clones were sequenced for each viral genome by using cycle-sequencing and dye terminator methods on an automated DNA Sequenator (model 377A; Applied Biosystems, Inc.). Sequences were determined for both strands of DNA. 92UG114.1, 92NG083.2, and 92NG003.1 were sequenced directly by the primer-walking approach (primers were designed approximately every 300 bp along the genome for both strands). Proviral contigs were assembled from individual sequences with the Sequencher program (Gene Codes Corp., Ann Arbor, Mich.). Sequences were analyzed with Eugene (Baylor College of Medicine, Houston, Tex.) and MASE (12) .
Phylogenetic tree analysis. Phylogenetic relationships of the newly derived viruses were estimated from sequence comparisons with previously reported representatives of HIV-1 group M (45) . Multiple gag and env sequence alignments were obtained from the Los Alamos sequence database (http://hiv-web .lanl.gov/HTML/alignments.html). Newly derived gag and env sequences were added to these alignments by using the CLUSTAL W profile alignment option (67) and adjusted manually with the alignment editor MASE (12) . All partial sequences were removed from these alignments. Sites where there was a gap in any of the remaining sequences, as well as areas of uncertain alignment, were excluded from all sequence comparisons. Pairwise evolutionary distances were estimated by Kimura's two parameter method to correct for superimposed substitutions (26) . Phylogenetic trees were constructed by the neighbor-joining method (55) , and the reliability of topologies was estimated by performing bootstrap analysis with 1,000 replicates (13) . NJPLOT was used to draw trees for illustrations (49) . Phylogenetic relationships were also determined by using maximum-parsimony (with repeated randomized input orders; 10 iterations) and maximum-likelihood approaches, implemented with the programs DNAPARS and DNAML from the PHYLIP package (14) .
Complete genome alignment. All newly derived HIV-1 genome sequences were aligned with previously reported (45) full-length representatives of HIV-1 subtype A (U445), B (LAI, RF, OYI, MN, SF2), C (C2220), D (ELI, NDK, Z2Z6), and "E" (90CF402.1, 93TH253.3, CM240), as well as SIVcpzGAB as an outgroup, by using the CLUSTAL W (67) profile alignment option (the alignment includes the untranslated leader sequence, gag, pol, vif, vpr, tat, rev, vpu, env, nef, and available 3Ј LTR sequences). Sequences that had to be excluded from any particular analysis were removed only after gap tossing was performed on the complete alignment containing all sequences. This ensured that all positions were comparable in different runs with different sequences. The complete genome alignment is available upon request.
Diversity plots. The percent diversity between selected pairs of sequences was determined by moving a window of 500 bp along the genome alignment in 10-bp increments. The divergence values for each pairwise comparison were plotted at the midpoint of the 500-bp segment.
Bootstrap plots. Bootscanning was performed on neighbor-joining trees by using SEQBOOT, DNADIST (with Kimura's correction), NEIGHBOR, and CONSENSUS from the PHYLIP package (14) for a window of 500 bp moving along the alignment in increments of 10 bp. We evaluated 1,000 replicates for each phylogeny. The program ANALYZE from the bootscanning package (57) was used to examine the clustering of the putative hybrid with representatives of the subtypes presumed to have been involved in the recombination event. The bootstrap values for these sequences were plotted at the midpoint of each window.
Exploratory tree analysis. Exploratory tree analysis was performed by the bootstrap plot approach described above, except in this case an increment of 100 bp was used and each neighbor-joining tree was viewed with DRAWTREE from the PHYLIP package (14) . In addition, all full-length sequences (except known recombinants) were included in the analysis.
Informative site analysis. To estimate the location and significance of crossovers, each putative hybrid sequence was compared with a representative of each of the two subtypes inferred to have been involved in the recombination event and an appropriate outgroup. Recombination breakpoints were mapped by examining the linear distribution of phylogenetically informative sites supporting the clustering of the hybrid with each of the two "parental" subtypes, essentially as described previously (52, 53) . Potential breakpoints were inserted between each pair of adjacent informative sites, and the extent of heterogeneity between the two sides of the breakpoint, with respect to numbers of the two kinds of informative site, was calculated as a 2 ϫ 2 chi-square value; the likely breakpoint was identified as that which gave the maximal chi-square value. Since the alignments contained more than one putative crossover, this analysis was performed by looking for one and two breakpoints at a time and repeated on subsections of the alignment defined by breakpoints that had already been identified. To assess the probability of obtaining (by chance) chi-square values as high as those observed, 10,000 random permutations of the informative sites were examined. DNA transfection and viral infectivity studies. Ten micrograms of the reconstructed 94UG114.1 plasmid subclone was transfected into 293 T cells by a calcium phosphate precipitation method (2) . Two days after infection, cultured supernatants were analyzed for reverse transcriptase (RT) activity and used to infect phytohemagglutinin (PHA)-stimulated normal donor PBMCs (20) . Cultures were monitored for virus replication every 3 to 4 days.
Nucleotide sequence accession numbers. The GenBank accession numbers for the near-full length HIV-1 proviral sequences reported in this study are listed in Table 2 .
RESULTS

Molecular cloning of non-subtype B HIV-1 isolates.
The purpose of this study was to (i) molecularly clone a panel of near-full-length reference genomes for non-subtype B isolates of HIV-1, (ii) determine their nucleotide sequence and phylogenetic relationships, and (iii) generate proviral constructs for biological and functional studies. To accomplish this, we selected 10 geographically diverse HIV-1 isolates, 7 of which had previously been classified as members of (group M) subtypes A (92UG037 and 92RW009), C (92BR025), F (93BR020 and 93BR029), and G (92NG003 and 92NG083) on the basis of env (17, 19) and/or gag sequences (1). The remaining three (84ZR085, 90CF056, and 94UG114) were chosen because they originated from major epicenters of the African AIDS epidemic, including a potential vaccine evaluation site (94UG114). In addition, 90CF056 was of interest because it did not fall into any known subtype at the time of its first genetic characteriza-tion (43) . Table 1 summarizes available demographic and clinical information, as well as biological data concerning the isolate phenotype (SI/NSI). Only viruses grown in normal donor PBMCs were selected for analysis.
Of the 10 viral genomes, 9 were cloned by long-PCR methods with primers homologous to the tRNA primer binding site (upstream primer) and the polyadenylation signal in the 3Ј LTR (downstream primer). This amplification strategy generated near-full-length genomes containing all coding and regulatory regions, except for 70 to 80 bp of 5Ј unique LTR sequences (U5). All isolates, regardless of subtype classification, yielded long-PCR products with the same set of primer pairs. In some instances, genomes were amplified with primers containing MluI restriction enzyme sites. This greatly facilitated subsequent subcloning into a plasmid vector (Table 2) . One provirus (84ZR085.1) was cloned by standard lambda phage techniques (36) with SacI sites in the viral LTRs as the cloning enzymes.
Sequence analysis of near-full-length HIV-1 genomes. All 10 HIV-1 genomes were sequenced in their entirety by either shotgun sequencing or primer-walking approaches. The long-PCR-derived clones ranged in size from 8,952 to 8,999 bp and spanned the genome from the primer binding site to the R/U5 junction of the 3Ј LTR. The lambda phage-derived 84ZR085.1 genome was 8,975 bp in length and ranged from the 5Ј TAR domain to the 3Ј U3 region (unlike most other HIV-1 strains, 84ZR085.1 contains two SacI sites in the LTR). Inspection of potential coding regions revealed that all clones contained the expected reading frames for gag, pol, vif, vpr, tat, rev, vpu, env, and nef. In addition, all major regulatory sequences, including promoter and enhancer elements in the LTR, the packaging signal, and splice sites, appeared to be intact. None of the genomes had major deletions or rearrangements, although inspection of the deduced protein sequences identified inactivating mutations in 7 of the 10 clones (Table 2 ). However, most of these were limited to point mutations in single genes and were thus amenable to repair. Only two genomes (92NG003.1 and 92NG083.2) contained stop codons, small deletions, and frameshift mutations in several genes, rendering them multiply defective. Importantly, no inactivating mutations were identified in 94UG114.1, 93BR020.1, and 90CF056.1, suggesting that these clones encoded biologically active genomes (Table 2) .
Phylogenetic analyses in gag and env regions. To determine the phylogenetic relationships of the newly characterized viruses, we first constructed evolutionary trees from full-length gag and env sequences. This was done to confirm the authenticity of previously characterized strains, classify the new viruses, and compare viral branching orders in trees from two genomic regions. The results confirmed a broad subtype representation among the selected viruses (Fig. 1) . Strains fell into six of the seven major (non-B) clades, including three for which full-length sequences are not available (i.e., F, G, and H). However, comparison of the gag and env topologies also identified two strains with discordant branching orders. 92RW009.6 grouped with subtype C viruses in gag but with subtype A viruses in env. Similarly, 93BR029.4 clustered with subtype B viruses in gag but with subtype F viruses in env. These different phylogenetic positions were supported by high bootstrap values and thus indicated that these two strains were intersubtype recombinants.
Diversity plots. To characterize the two putative recombinants as well as the other eight strains in regions outside gag and env, we performed pairwise sequence comparisons with available full-length sequences from the database. A multiple genome alignment was generated which included the new sequences as well as U455 (subtype A); LAI, RF, OYI, MN, and SF2 (subtype B); C2220 (subtype C); ELI, NDK, and Z2Z6 (subtype D); and 90CF402.1, 93TH253.3, and CM240 ("subtype E"). The percent nucleotide sequence diversity between sequence pairs was then calculated for a window of 500 bp moved in steps of 10 bp along the alignment. Importantly, distance values were calculated only after all sites with a gap in any of the sequences were removed from the alignment. This ensured that all comparisons were made across the same sites. Figure 2 depicts selected distance plots for the newly characterized viruses. For example, in panel 1, 93BR020.1 (putative subtype F) is compared to U455 (subtype A), NDK (subtype D), C2220 (subtype C), and 90CF056.1 (putative subtype H). The resulting plots all exhibit very similar diversity profiles characterized by alternating regions of sequence variability and conservation (values range from 7% divergence near the 5Ј and 3Ј ends of pol to 30% in the segment of env encoding the V3 region). Moreover, the four plots are virtually superimposable, indicating that 93BR020.1 is roughly equidistant from U455, NDK, C2220, and 90CF056.1 over the entire length of its genome. A very similar set of distance curves was also obtained from comparisons of 90CF056.1 with 93BR020.1, U455, NDK, and C2220 (panel 2) and from comparisons of both 93BR020.1 and 90CF056.1 with representatives of subtype B and "E" (data not shown). These results indicating that 93BR020.1 and 90CF056.1 are equidistant from each other as well as from members of subtypes A, B, C, D, and "E," together with the 
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gag and env phylogenetic trees ( Fig. 1) , suggest that 93BR020.1 and 90CF056.1 represent nonrecombinant members of subtypes F and H, respectively. Very similar data were also obtained when 92BR025.8, 92UG037.1, 84ZR085.1, and 94UG114.1 were subjected to diversity plot analysis with the same set of reference sequences (Fig. 2, panels 3 to 6 ). Again, distance curves exhibited very similar profiles indicating approximate equidistance among the strains analyzed, except when viruses from the same subtype were compared. For example, in panel 3, distances between 92BR025.8 (putative subtype C) and U455, 93BR020.1, 90CF056.1, NDK, and C2220 are depicted. As expected, the C2220 plot falls clearly below all others, indicating the lower level of sequence divergence between viruses from the same subtype (ranging from 4% in pol to 12% in env). Importantly, however, inter-and intradiversity plots follow each other very closely; i.e., the same genomic regions exhibit proportionally higher and lower levels of divergence (also see panels 4 to 6). Thus, at the level of both inter-and intrasubtype comparisons, there was no evidence of mosaicism in the genomes of these four viruses. Together with the results in Fig. 1 , this suggests that these strains represent nonmosaic members of subtypes A (92UG037.1), C (92BR025.8), and D (84ZR085.1 and 94UG114.1), respectively.
By contrast, the diversity plots of the putative recombinants 92RW009.6 and 93BR029.4 exhibited disproportionate levels of sequence divergence from different subtypes along their genome, consistent with their discordant branching orders in gag and env trees. As shown in Fig. 2, panel 7 , 92RW009.6 is most similar to the subtype C strain C2220 in the 5Ј half of gag, most of pol, vif, vpr, as well as nef (the dark blue curve falls below all others). However, in the 3Ј end of gag, the 5Ј end of pol, and most of env, 92RW009.6 is most similar to the subtype A strain U455 (the red curve falls below all the others). Similarly in panel 8, 93BR029.4 is most similar to the subtype B strain LAI (black curve) in gag, pol, and vpr, while it is most similar to the putative subtype F strain 93BR020.1 (magenta curve) in the vif, env, and nef regions. In each case, the magnitude of the difference between the new sequence and the most similar subtype was no greater than the diversity seen within subtypes. Thus, these data suggest that 92RW009.6 and 93BR029.1 represent mosaics, comprised of subtypes A/C and B/F, respectively. In each case, the plots suggested several (at least four) crossovers; these are the minimum number of re- combination breakpoints, since the window size used makes it unlikely that recombinant regions shorter than 500 bp would be detected.
Finally, inspection of the diversity plots for 92NG003.1 and 92NG083.2 also revealed disproportionate levels of sequence variation, although not as pronounced as for 92RW009.6 and 93BR029.4. As shown in Fig. 2 , panels 9 and 10, 92NG003.1 and 92NG083.2 are equidistant from members of subtypes A, C, D, F, and H (as well as B and "E" [data not shown]) for most of their genome, suggesting that they represent an independent subtype, i.e., subtype G. However, in the vif/vpr region, the U455 distance plot falls below all others (including the 92NG003.1/92NG083.2 distance plot depicted in green in panels 9 and 10), suggesting a disproportionately closer relationship to subtype A. Assuming that U455 is nonmosaic, these results suggest that both 92NG003.1 and 92NG083.2 contain short fragments of subtype A sequence in the central region of their genome.
Exploratory tree analyses. To examine the phylogenetic position of the newly derived strains relative to each other and to the reference sequences over the entire genome, we performed exploratory tree analyses by using the same multiple genome alignment generated for the diversity plots (Fig. 3) . A total of 79 trees were constructed for overlapping fragments of 500 bp, moving in 100-bp increments along the alignment. As expected, four genomes that clustered in different subtypes in different parts of their genome were identified (representative trees are depicted in Fig. 3A) . These included 93BR029.4, which alternated between subtypes F and B, 92RW009.6, which alternated between subtypes A and C, and 92NG083.2 and 92NG003.1, which grouped either independently or within subtype A. Interestingly, the last two strains exhibited distinct patterns of mosaicism. In trees spanning the region from 3501 to 4000, 92NG003.1 clustered within subtype A while 92NG083.2 clustered independently, presumably representing subtype G (Fig. 3B) . In contrast to these strains, there was no evidence for a hybrid genome structure in 92UG037.1, 92BR025.8, 94UG114.1, 84ZR085.1, 93BR020.1, or 90CF056.1. As shown in Fig. 3A , these viruses branched consistently in all regions analyzed. Based on these findings and the results of the diversity plots, we thus concluded that 6 of the 10 selected HIV-1 strains represent nonrecombinant reference strains for subtypes A (92UG037.1), C (92BR025.8), D (94UG114.1 and 84ZR085.1), F (93BR020.1), and H (90CF056.1), respectively, while four are intersubtype recombinants.
Recombination breakpoint analysis in 92RW009.6 and 93BR029.4. To map the location of the recombination breakpoints in 92RW009.6 and 93BR029.4, we used bootstrap plots and informative site analyses (18, 52, 53) . Unrooted trees which included U455, 92UG037.1, LAI, MN, OYI, SF2, RF, C2220, 92BR025.1, NDK, ELI, Z2Z6, 93BR020.1, and 90CF056.1 were constructed; then the magnitudes of the bootstrap values supporting (i) the clustering of 92RW009.6 with members of subtype A (U455 and 92UG037.1) or C (2220 and 92BR025.8) and (ii) the clustering of 93BR029.4 with members of subtype B (LAI, MN, OYI, MN, and RF) or F (92BR020.1) were determined (in the latter case, subtype D viruses were excluded because of their known close relationship to subtype B viruses). Figure 4 depicts the results of 797 such phylogenetic analyses generated for each genome, performed on a window of 500 nucleotides and moving in steps of 10 nucleotides. Very high bootstrap values (Ͼ80%) supporting the clustering of 92RW009.6 with subtype C were apparent in gag, the 3Ј twothirds of pol, and nef. By contrast, significant branching of 92RW009.6 with subtype A was apparent in the gag/pol overlap and the env region. In a small region (positions 4000 to 4200) in the middle of the genome, 92RW009.6 appeared not to cluster significantly with either subtype, but further inspection revealed that this was due to a small number of informative sites. These data thus indicated four points of recombination crossovers between subtypes A and C (Fig. 4A) . A similar analysis identified six recombination breakpoints between subtypes B and F in 93BR029.4 (Fig. 4B) . These included two more (in gag) than were apparent from the diversity-plot analysis (compare Fig. 2) , indicating a greater sensitivity of this approach.
To map the recombination crossover points in 92RW009.6 and 93BR029.1 more precisely, we examined the distribution of phylogenetically informative sites supporting alternative tree topologies (52, 53) . Briefly, this was done in a four-sequence alignment which included the query sequence, a representative of each of the two subtypes presumed to have been involved in the recombination event, and an outgroup. Breakpoints were identified by looking for statistically significant differences in the ratios of sites supporting one topology over another. Consistent with the bootscanning data, this analysis identified four breakpoints in 92RW009.6 (Table 3 ) and six in 93BR029.4 (Table 4) . A schematic representation of the mosaic genomes of 92RW009.6 and 93BR029.4 is depicted in Fig.  6 
(below).
Recombination breakpoint analysis in 92NG003.1 and 92NG083.2. Because of the lack of a full-length subtype G reference sequence, recombination breakpoint analysis of 92NG003.1 and 92NG083.2 required a different approach. The analyses, summarized in Fig. 2 and 3 , suggested that these two viruses contained subtype A sequences in the middle of their genome. To attempt to confirm this and to define the extent of these putative subtype A fragments, we performed a more detailed diversity plot analysis of the viral middle region (between positions 3000 and 6000) by using different viral strains and window sizes (ranging from 200 to 400 bp) to examine the extent of sequence divergence of 92NG083.2 and 92NG003.1 from members of other subtypes, including subtype A. Figures  5A and B depict representative results (with a window size of 300 bp moving in steps of 10 bp along the alignment). Similar to the data shown in Fig. 2 , the two "subtype G" viruses are roughly equidistantly related to members of subtypes A (U455), C (C2220), and D (NDK), except for two regions in 92NG003.1 and one region in 92NG083.2, where both viruses are disproportionately more closely related to U455 than they are to each other (the red line drops below the green line). By noting the points at which the "G"-A distance increases or decreases relative to the others, we could tentatively identify recombination breakpoints. For example, at position 3400 in Fig. 5A , the U455 plot (red) falls whereas the C2220 (blue), NDK (yellow), and 92NG083.2 (green) plots do not, and around position 3600, the U455 plot crosses the 92NG083.2 plot. Bearing in mind the window size of 300 nucleotides, this finding suggested that a recombination crossover occurred around position 3500. Similar "G"-A plot crossings around positions 3800, 4200, and 5200 in Fig. 5A and around positions 4200 and 4800 in Fig. 5B suggested additional recombination breakpoints.
We then constructed phylogenetic trees by using the regions of sequence defined by these putative breakpoints (Fig. 5C ). This analysis generally supported the conclusions drawn from the diversity plots (i.e., 92NG003.1 clustered with subtype A viruses in the region between 3501 and 3800, whereas 92NG083.2 did not; and both 92NG003.1 and 92NG083.2 clustered with subtype A viruses in the region 4201 and 4800). However, neither the diversity plot nor the tree analysis allowed us to define the boundaries of the subtype A fragments 
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with certainty. Nevertheless, the data indicated that (i) both 92NG083.2 and 92NG003.1 represent G/A recombinants, (ii) they are the result of different recombination events because some of their breakpoints are clearly different, and (iii) 92NG083.2 probably encodes a nonrecombinant pol gene. A schematic representation of the mosaic genomes of 92NG083.2 and 92NG003.1 is shown in Fig. 6 , with shaded areas indicating regions of uncertain subtype assignment. Reevaluation of the phylogenetic position of subtype G viruses in the gp41 region. We (19) and others (40) previously reported that the env genes of subtype "G" viruses are chimeric, with sequences encoding the intracellular portion of gp41 clustering in subtype A. We were therefore surprised that neither the diversity plot nor the exploratory tree analysis provided evidence for a closer relationship of 92NG003.1 and 92NG083.2 to U455 and 92UG037.1 in this region. To investigate this further, we performed extensive tree analyses in the vpu/env region, including as many reference sequences for the various group M subtypes as were available ( Fig. 7 ; for subtypes B and "E," only a few representatives are shown). The results revealed that a number of viruses previously classified as subtype A in the extracellular domain of env (gp120) fell into subtype G in the vpu region (boxed viruses in Fig. 7A and B). Exclusion of these obvious recombinants from gp41 tree analyses changed the grouping of 92NG003.1 and 92NG083.3 as well as that of all other subtype G viruses. Instead of falling into a larger "subtype A cluster" (labelled "A?" in Fig. 7C ), they grouped independently from both subtype A and E viruses, i.e., as subtype G, with high bootstrap values ( Fig. 7D ; also note that VI525 clusters in subtype H in the intracellular region of gp41, and not in subtype G, as assumed in reference 19). The inadvertent inclusion of recombinants was thus responsible for our previous erroneous classification of subtype G viruses as "A" at the 3Ј end of gp41.
Subtype-specific genome features. Having classified the 10 new viruses with respect to their subtype assignments, we examined their sequences for clade-specific signature sequences. Comparing deduced amino acid sequences gene by gene, we found several subtype-specific features (Fig. 8) . For example, most subtype D viruses (including 84ZR085.1 and 94UG114.1) contain an in-frame stop codon in the second exon of tat, which removes 13 to 16 amino acids from the carboxy terminus of the Tat protein (Fig. 8A) . Similarly, all subtype C viruses (including 92BR025.8) contain a stop codon in the second exon of rev, which would be predicted to shorten this protein by 16 amino acids (Fig. 8B) . Subtype C viruses also contain a 15-bp insertion at the 5Ј end of the vpu gene (Fig. 8C) , which extends the putative membrane-spanning domain of the Vpu protein by 5 amino acids (data not shown). Although these changes are unlikely to alter the function of the respective gene products in a major way (e.g., the known functional domains of both Tat and Rev proteins are not affected by these changes), it is possible that they could influence their mechanism of action in a subtle (but nevertheless biologically important) manner. However, direct experimentation is necessary to examine this possibility.
Inspection of the sequences also revealed the lack of a previously identified signature sequence in one of the newly characterized viruses. 92BR025.8 was found to encode only two potential NF-B binding sites in its core enhancer region (data not shown). By contrast, all other subtype C viruses, including several African isolates from Ethiopia, Zambia, and Malawi (59), as well as two additional isolates from Brazil and two from India (16), encode three NF-B binding sites.
Construction of a replication-competent 94UG114.1 provirus. Long-PCR approaches generally fail to generate replication-competent clones of HIV-1 because of sequence redundancies in the LTRs. Portions of the LTRs have to be added in additional cloning steps to generate a complete set of regulatory sequences required for viral DNA synthesis and reverse transcription. Although LTR sequences from any subtype (e.g., subtype B) would probably restore functionality, such chimeric proviruses could differ in their biological properties (56) . To generate genomes that represent more faithfully their corresponding isolates, we have devised an amplification and cloning strategy that allows the construction of a replication-competent provirus in a two-step process (Fig. 9A) . Briefly, both the 5Ј LTR and a fragment containing the remainder of the genome are amplified from the same isolate DNA by regular PCR and long-PCR approaches, respectively. Both products are then subcloned into a plasmid which contains restriction enzyme sites suitable for the subsequent joining of the two fragments into a single vector. For 94UG114.1, we used NarI, a unique enzyme site present in the primer binding site of all known group M and O strains of HIV-1 (45), in combination with MluI, a non-cutter of almost all HIV-1 genomes (53 of 55 complete HIV-1 sequences in the database are not cleaved by MluI [45] ). The latter enzyme site was introduced via the PCR primers (Fig. 9A) .
Following reconstruction, the 94UG114.1 full-length clone was transfected into 293T cells, together with positive (SG3 [20] ) and negative (plasmid) control constructs. Analysis of culture supernatants revealed positive RT and p24 activity, consistent with the expression of functional gag, tat, rev, and pol gene products. Subsequent cell-free transmission of culture fluids to PHA-stimulated normal donor PBMCs established that 94UG114.1 was infectious for and grew well in natural target cells (Fig. 9B) . Moreover, its replication profile was comparable to that of the highly cytopathic SG3 strain (20) , indicating efficient env-mediated fusion and spread in the culture. These results thus document that the long-PCR-derived 94UG114.1 genome encodes functional gene products and represents a replication competent proviral clone (reconstruction of some of the other clones is under way).
DISCUSSION
Non-subtype B viruses cause the vast majority of new HIV-1 infections worldwide, yet they are only infrequently studied with respect to their biological, immunogenic, and pathogenic properties, in part because well-characterized virological reference reagents are still lacking. In this study, we selected 10 non-subtype B isolates from various geographic locations and cloned their genomes by using long-PCR or lambda phage techniques. All the genomic clones were derived from primary (PBMC-derived) isolates and thus represent biologically relevant viruses. Detailed phylogenetic analysis identified six of these viruses as nonrecombinant members of subtypes A, C, D (two), F, and H, which more than doubles the number of non-subtype B reference strains available (Table 5) . Among these, the near-full-length genomes of 93BR020.1 and 90CF056.1 represent the first such strains for subtypes F and H, respectively. The four other viruses were found to represent complex mosaics of subtypes A and C, A and G (two), and B and F. Both A/G recombinants originated from Nigeria but must have arisen from independent recombination events since they are not closely related and differ in their patterns of mosaicism. One of these (92NG083.2) appears to contain only a single short (perhaps 600-bp) segment of subtype A origin in the vif/vpr region, and in the absence of (as yet) any full-length subtype G virus, it thus serves as a (nonmosaic) subtype G representative for the gag, pol, env, and nef regions. Importantly, 9 of the 10 genomes were generated in such a way that they can be tested for biological activity following a simple reconstruction step. An example of such a reconstructed genome giving rise to replication competent virus (94UG114.1) demonstrates that this approach is feasible.
HIV-1 group M subtypes. The presence of subtypes within the M group of HIV-1 was first suggested in 1992 on the basis of phylogenetic analysis of env gene sequences, which revealed five approximately equidistant clades within the HIV-1 tree (44) . With the determination of additional HIV-1 sequences of diverse origins, 10 subtypes (A to J) have now been described (29, 30, 35, 45) , although full-length env sequences are not yet available for subtypes I and J (29, 30) . Phylogenetic analysis of gag gene sequences yielded very similar overall results (34), although for some viruses a comparison of their phylogenetic positions in the different trees revealed that they were recombinants (52, 53) . Sequences for the third major retrovirus gene, pol, have thus far been available only for representatives of four subtypes (45) . The data presented in this study thus allow the first estimate of a phylogeny for full-length pol gene sequences based on the sequence information of seven subtypes. The results shown in Fig. 10 are remarkably consistent with those of trees from gag and env regions (compare Fig. 1 FIG. 7. Phylogenetic relationships of subtype G (and "E") viruses in vpu and env regions. Trees were constructed for the vpu (A), 5Ј env (B), and 3Ј env (C and D) regions to reexamine the subtype associations of previously classified subtype A, G, and "E" viruses (19) . Several strains (boxed) previously thought to represent subtype A (panel B) were found to cluster in subtype G viruses in the vpu region (panel A). Exclusion of these G/A recombinants changed the topology of trees derived from the intracellular gp41 domain (panels C and D). VI525 (highlighted by an asterisk) was identified as a G/H recombinant, clustering in subtype G and H in the extracellular and intracellular portions of env, respectively. All known representatives for the different subtypes were included in the analysis, and only a few representatives for subtypes B and "E" are shown. demonstrating that the phylogenetic structure implied by the current subtype classification scheme is a real phenomenon.
HIV-1 intersubtype recombinants. While the majority of HIV-1 group M sequences fall neatly into the various subtypes discussed above, a substantial minority do not. That is, the phylogenetic position of many viruses differs depending on the genomic region analyzed, indicating that they are mosaics generated by recombination. In our study, 4 of 10 geographically diverse isolates were found to represent intersubtype recombinants. Similarly, 7 of 12 full-length non-subtype B sequences in the database represent recombinants (Table 5 ). These numbers do not necessarily indicate the actual prevalence of mosaic viruses, because the viruses were not systematically sampled; for example, three of the recombinants in the database are "subtype E" viruses, all descended from a common ancestral recombinant virus and selected for study because of specific interest in their role in the Thai AIDS epidemic (7, 18) . However, numerous subgenomic sequences have been identified as mosaic (4, 8, 31, 52, 54, 66, 71) . In our initial study (52) , about 10% of the database sequences appeared to be intersubtype recombinants, and more recent surveys suggest that this proportion may be increasing (8, 66, 71) .
Given the apparent prevalence of mosaic viruses, it is clear that subtype-specific reference strains can be defined as such only after comprehensive recombination analysis. Small subgenomic fragments or even full-length gag and env sequences Virus production was monitored by measuring supernatant RT activity at 3-day intervals as described previously (20) . Supernatants from a mock-transfected culture served as a negative control.
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are not sufficient to identify all hybrid genomes. Although multiple crossovers are a characteristic feature of retroviral recombination and have been found in many of the mosaic HIV-1 genomes examined (7, 19, 53, 60, 62) , the examples of 92NG003.1 and 92NG083.2 demonstrate that crossovers may be confined to regions outside of gag and env. Thus, elimination of the possibility that a virus is recombinant requires the determination of substantial (if not all) portions of its genome. As a consequence, subtype-specific reference reagents, such as immunogens for cross-clade CTL and neutralization assays, should be derived only from viral isolates for which a complete genome has been characterized. These considerations emphasize the need for detailed analyses involving reliable methods for identification of recombinant viral sequences. We have found that diversity plots, depicting the distance between a query sequence and a set of reference sequences in moving windows along the genome, represent an excellent initial screening tool. The extent of sequence divergence (between any pair of viruses) varies along the genome, but since all plots are shown in the same graph, particular regions where the query sequence is anomalously highly similar to (or divergent from) other sequences can be readily identified. For example, this approach uncovered the subtype A-like regions in the middle of the putative "subtype G" genomes 92NG003.1 and 92NG083.2 (Fig. 2 , panels 9 and 10; Fig. 5A and B) . (An alternative program available from the database [termed RIP] [63] uses a similar approach. RIP identifies windows of sequence in which the query sequence is significantly more similar to the consensus sequence of one particular subtype; if the most similar subtype varies along the sequence, this is a sign that the query sequence is probably a recombinant.) However, the results of such analyses relying only on extents of sequence divergence must be treated with some caution, because they are susceptible to variation in evolutionary rate in different lineages. Once suspicious regions have been identified, phylogenetic analyses of windows of sequence around these regions can be used to look for discordant branching orders and to identify the subtypes likely to have been involved in the recombination event. The bootstrap value supporting the clustering of the query sequence with sequences of the supposed "parental" subtypes can be examined, again in moving windows along the genome. (The bootscanning approach of Salminen et al. [57] is very similar to this.) Finally, informative site analysis can be used to map as precisely as possible the breakpoints of the putative recombination events (52, 53) .
Clearly, recombination analysis relies on the availability of accurately defined nonmosaic reference sequences. Thus, location of the breakpoints in the two G/A recombinant viruses identified here must remain tentative because of the lack of such reference sequences for subtype G. The precise positions of breakpoints in the recently characterized Thai and Central African Republic "subtype E" viruses are similarly uncertain (7, 18) , in this case because of the lack of a complete nonmosaic subtype E reference sequence. It should also be emphasized that currently designated reference sequences may require revision in the future. For example, the inadvertent inclusion of recombinant "reference" sequences in previous tree analyses (19, 40) led to an incorrect subtype assignment of subtype G gp41 sequences (Fig. 7) . It is therefore possible that as more sequences become available, one or more of the viral sequences currently classified as nonrecombinant may be identified as a hybrid.
Relevance of the HIV-1 subtype nomenclature. The various subtypes differ in their geographic dissemination, and so the subtype designations have been powerful molecular epidemiological markers for tracking the course of the global pandemic (5, 24, 72) . For example, the AIDS epidemic in Thailand was initially believed to have resulted from a single introduction of HIV-1. However, genetic analysis revealed that there were in fact two distinct epidemics of different origins: intravenous drug users were infected with subtype B viruses prevalent in the United States and Europe, while commercial sex workers and their contacts harbored (recombinant) "subtype E" viruses common only in Africa (7, 18, 25, 39, 43, 47) . These, and other examples (5) , have demonstrated the utility of subtyping as a tool to monitor the geographic distribution, prevalence, and intermixing of HIV-1 variants. Nevertheless, some aspects of the current subtype nomenclature are clearly arbitrary and are based on historical facts rather than the application of consistent nomenclature rules. For example, subtype B viruses consistently cluster with subtype D viruses in phylogenetic trees of different genes (61) (Fig. 1 and 10) , and the divergence between these two subtypes is hardly any greater than the diversity seen within some other subtypes (e.g., subtype A). This suggests that the HIV-1 epidemic in North America was initiated by a virus that could have been classified as subtype D. Instead, subtype B viruses were designated as a separate subtype, because they happened to be the sole initial focus of attention. Moreover, subtypes are not the only appropriate level of classification in epidemiological tracking. Other (chance?) epidemiological events have led to identifiable geographic and phylogenetic subclusters within subtypes, such as the Thai B clade (frequently referred to as BЈ) or subclusters with subtype A. Nevertheless, the current subtype classification is likely to remain useful in the molecular epidemiological context.
The subtype classification would be of even greater interest if members of the different subtypes were found to differ in their biological properties. The average values for protein sequence diversity among subtypes for Gag, Pol, and Env are 15, 10, and 24%, respectively (subtype B versus D comparisons were excluded from these calculations for the reasons given above). The neutral theory of molecular evolution (27) notwithstanding, it would be surprising if proteins whose sequences differ by such an extent did not exhibit at least some variation in their biological properties. However, no subtypespecific differences in virus biology have yet been identified. Extensive studies have shown that subtypes do not correlate with neutralization serotypes (38, 42, 46, 68) , and even T-cell immune responses appear to be largely independent of genetic subtypes (3, 6, 15) . Members of the various subtypes have also not been found to differ in second-receptor usage (73, 74) , and a proposed preferential tropism of "subtype E" viruses for skin-derived Langerhans cells (64) has not been confirmed in subsequent investigations (9, 50, 51) . Thus, current data have failed to identify simple correlations between phylogenetic lineages and biological phenotypes.
Further consideration of the phylogenetic relationships within the HIV-1 M group ( Fig. 1 and 10 ) yields some insight into the apparent lack of phenotypic correlates at the subtype level. Any subtype-specific property, i.e., a phenotype common among all members of one subtype but not found among members of other subtypes, would have to be due to sequence changes occurring on the "presubtype" branch for that subtype (here we define a presubtype branch as that connecting the common ancestor of a subtype to the common ancestor of the entire M group). These presubtype branches comprise only a fraction of the total divergence between contemporary viruses representing different subtypes. The chances of finding subtype-specific biological properties are thus similarly small, because the genetic changes responsible for these differences would have to occur on these presubtype branches. In fact, biologically meaningful sequence changes can occur at any point in the tree and certainly would not be expected to occur only (or preferentially) on presubtype branches. An expectation of biological differences along strict (and all) subtype lines is thus overly simplistic.
Nevertheless, it would be premature to conclude that there are no subtype-specific differences in virus biology. A relatively small number of viral phenotypes have been examined, and available in vitro assays may be too insensitive to identify subtle (yet important) differences in viral growth and cell tropism. Moreover, there are some sequence changes that appear to have arisen on the presubtype branches, and certain of these subtype-specific variations occur within genomic regions of known regulatory function. For example, subtype C viruses (which comprise about 36% of all globally circulating HIV-1 group M viruses based on the latest WHO estimates) are characterized by a premature truncation of their rev open reading frame (Fig. 8) , an enlarged Vpu protein (Fig. 8) , and three (instead of the common two) copies of a consensus NF-B domain (59) . Similarly, "subtype E" viruses (which are spreading with increasing rapidity in Asia) differ from other subtypes in having only one consensus NF-B site (18) . Such changes in enhancer copy numbers and regulatory proteins may manifest themselves only after multiple rounds of replication in vivo. Thus, subtype-specific biological differences may become apparent only in broad-based natural history studies.
Utility of subtype-specific reference reagents. The availability of near-full-length representatives for five non-B HIV-1 group M clades, including a reconstructed replication-competent molecular clone of a subtype D isolate, should greatly facilitate efforts aimed at determining the biological consequences of HIV-1 genetic diversity and its impact on cellular and humoral immune responses in the infected host. Clones and sequences will be useful for identifying cross-clade CTL epitopes and for generating subtype-specific CTL targets. The clones will also be useful for the preparation of DNA-or protein-based subunit vaccines, including cocktails of genetically diverse immunogens. In this context, it should be noted that the representatives of subtypes F and H both contain uninterrupted reading frames. Finally, the full-length sequences are critically needed for phylogenetic studies, particularly of genomic regions other than gag and env. In collaboration with the Los Alamos database, we have compiled a list of nonmosaic reference sequences for all major HIV-1 genes (32), which is available at the Los Alamos web site (http://hiv -web.lanl.gov/subtype/subtypes.html). A similar compilation of documented intersubtype recombinants is in preparation. These listings should help investigators interested in subtyping new sequences to avoid the inclusion of mosaic sequences into phylogenetic trees.
All clones have been submitted to the National Institutes of Health Research and Reagent Program, Bethesda, Md., and all sequences have been recorded in GenBank and are available on-line through the Los Alamos HIV database. These reagents are thus available to investigators and manufacturers interested in the development and testing of HIV vaccines.
